DNA buckling is the fundamental step for plectoneme nucleation and supercoil dynamics that are critical in the processing of genetic information. Here we systematically quantify DNA buckling dynamics using high-speed magnetic tweezers. Buckling times are ~10-100 ms and depend exponentially on both applied force and twist. By deconvolving measured time traces with the instrument response, we reconstruct full 2D extension-twist energy landscapes of the buckling transition that reveal an asymmetry between the pre-and post-buckling states and suggest a highly bend transition state conformation.
INTRODUCTION
DNA stores genetic information as a linear sequence and consequently needs to be very long. To achieve compaction in the narrow confines of the cell, while providing local accessibility for readout and processing, genome architecture is dynamically controlled [1] [2] [3] [4] . Regulation is achieved by organizing DNA into domains, wherein DNA rotational motion is constrained. As a result, the number of links between the two single strands of the double helix, called the linking number Lk, is invariant. The topological quantity partitions into the geometric parameters twist and writhe [5, 6] ,
where quantifies the torsional deformations and strains of the helix, and the coiling of the double helix axis in 3D. Specialized proteins maintain cellular DNA in a supercoiled state, i.e.
deviates from the torsionally relaxed value ! in vivo. Through topological coupling, the linking difference ∆ = − ! affects DNA structure both locally and globally, via changes in twist ∆ and writhe ∆ respectively [3, 7, 8] . Supercoiled DNA, in general, is both locally untwisted and takes on interwound, plectonemic configurations of the double helix axis. The structure and mechanics of plectonemic DNA has been probed extensively by electron and atomic force microscopy of circular DNA molecules and DNA tethered between a surface and magnetic beads in magnetic tweezers (MT) (Fig. 1a) [9] [10] [11] . In contrast, the dynamics of plectonemes remain largely unexplored, despite their importance in the context of regulation and long-range communication in the cell [12] .
A first direct measurement of plectonemes dynamics by fluorescent imaging [13] found that, within the time-resolution of the approach (20 ms), a plectoneme can disappear at one site and give rise to the appearance of a new plectoneme separated by several microns along the chain. The dynamics of this process are proposed to be rate-limited by nucleation of the newly formed plectoneme, i.e. by DNA buckling, in particular since removal of the plectoneme has been shown to be very fast [14] . Estimates for the characteristic time scale of DNA buckling range from 30-80 ms in magnetic tweezers (MT) [11, 15] , to ~100 ms in an optical torque wrench [16, 17] , and are, surprisingly, ~2 order-of-magnitude faster than for double-stranded RNA [15] . However, a direct comparison of the different measurements is complicated as the dynamics depend on ionic strength and applied stretching force. The lack of a precise quantitation of DNA buckling dynamics is at least in part due to the difficulty of observing fast ~ms time scale transitions using camera based detection.
Here, we have used high-speed magnetic tweezers, to quantify the kinetics of supercoil nucleation under a range of forces, ionic strength, and bead sizes. Using a deconvolution approach, we reconstruct the 2D energy landscape of the buckling transition as a function of DNA extension and twist. We propose a geometric model for the transition state and discuss how local disturbances of the helix can impact the energy landscape of supercoiling.
RESULTS AND DISCUSSION

Bead tracking with kHz time-resolution accurately quantifies DNA buckling transitions.
In our MT setup, linear ~7.9 kbp DNA molecules are tethered between the flow cell surface and superparamagnetic beads, via multiple attachment points at both ends to assure torsionally constrained attachment ( Fig. 1a and Supplementary Material [18] ). We note that our DNA length approximately corresponds to the size of topological DNA domains in vivo, ~10 kbp [19] . Using external magnets, one can apply precisely calibrated forces [10, 20, 21] and control the linking number of the DNA. On increasing ∆ at forces < 6 pN [22] , DNA undergoes a buckling transition and starts to form plectonemes, causing a decrease in the apparent tether extension with increasing ∆ (Fig. 1b) . If DNA molecules are held at a fixed ∆ close to the buckling point ∆ ! , the molecules undergo thermally activated transitions between the torsionally strained, but extended pre-nucleation state, and the post-nucleation state, with the first, minimal plectoneme formed ( Fig. 1c) . Here, we draw on improvements in both camera and illumination hardware as well as tracking software [23] [24] [25] to study supercoil nucleation by tracking at 1 kHz in MT. Simulations show that our experimental configuration can resolve transitions on the time scale of ~10 ms or less, with an error of at most 10% ( Fig. 1d and Fig. S1 in [18] ). In addition, from analysis of experimental extension time traces of torsionally relaxed DNA tethers, we find the characteristic ("corner") frequencies at 2, 3 and 4 pN to be 98 ± 3 Hz, 161 ± 6 Hz and 230 ± 12 Hz (means and standard errors from 4 independent measurements at each force), respectively, corresponding to characteristic time scales of 10, 6, and 4 ms, again suggesting that events on a time scale of ~10 ms can be detected ( Fig. S2 in [18] ).
Kinetic analysis of DNA buckling.
To quantify the extension time traces, we separate the extensions into two states by thresholding [26] . Upon stepwise increasing ∆ , the time spent in the buckled state systematically increases at the expense of the population of the extended state ( Fig. 2a) . We analyze our experimental data using a two-state model [11, 26] , where the energy difference between the pre-and post-buckling states is related to ∆ and the probability to be in the post-buckling state P post is given by
where is the effective torsional stiffness (approximated in the Moroz-Nelson model [27] or using data from direct torque measurements [28] see [26] ), ! the contour length, ∆ ! the buckling point, i.e. the number of applied turns for which P pre = P post , Δ ! = !"#$ − !"# the number of turns converted from twist to writhe during buckling, ! the Boltzmann constant and the temperature. Fitting of Eqn. 2 to the experimentally observed !"#$ as a function of ∆ yields ∆ ! and Δ ! (Fig. 2b) . Over the force range investigated, ∆ ! remains essentially constant ( Fig. 2c) , in agreement with previous experimental results for both DNA [11] and RNA [15] . We find that ∆ ! increases by ~33% on increasing the monovalent salt concentration from 100 to 320 mM, again in quantitative agreement with previous findings [11, 15] .
Having characterized the equilibrium properties of the buckling transition, we now focus on its dynamics, by analyzing the dwell times in the DNA extension traces. At each imposed ∆ , the dwell time distributions for both the pre-and post-buckling state are well described by single exponential fits, which yield the mean lifetimes τ pre and τ post ( Fig. S3 in [18] ). The lifetimes τ pre and τ post follow an Arrhenius relationship with an exponential dependence on ∆ (Fig. 2d ) [11] :
where τ buck is the lifetime at the midpoint of the buckling transition ∆ ! , and ∆ !"# is the change in writhe from the pre-buckling state to the transition state. We used a similar expression for τ post with ∆ !"# replaced by −∆ !"#$ , the rotational distance to the transition state from the post-buckling state (Fig. 1c) .
Fits of Eqn. 3 to τ pre and τ post were used to determine the characteristic buckling time τ buck as well as ∆ !"# and ∆ !"#$ (Fig. 2e) . The buckling time τ buck increases with bead size, consistent with a model where the bead fluctuations are transmitted through the DNA molecule [29] (Fig. S4 in [18] ). For a fixed bead size, previous work [11] found a weak dependence of the characteristic buckling time on DNA length (comparing 1.9 and 10.9 kbp DNA gave a difference of 2-fold in the buckling times); our data for 7.9 kbp DNA under the same conditions falls between the previous measured buckling times, as would be expected for the intermediate length ( Fig. 2f , differently colored points at 4 pN, 320 mM). For a fixed bead size and DNA length, the characteristic buckling time τ buck is strongly dependent on force , and is well described by an exponential model (solid lines in Fig. 2f , reduced ! = 0.4 and 0.3 for 100 and 320 mM NaCl, respectively):
with the distance to the transition state and τ buck,0 the buckling time in the absence of applied force. From a fit of Eqn. 4, we obtain τ buck,0 for DNA to be 8 ± 2 ms and 10 ± 3 ms (values and standard errors from the exponential fit, Fig. 2f ) for 100 and 320 mM NaCl, respectively. These values agree with one another, within experimental error, and are close to the extrapolated buckling times at zero force for RNA [15] (τ buck,0 = 13 ± 7 ms and 52 ± 38 ms at 100 mM and 320 mM NaCl, respectively). The large differences between the buckling times τ buck for DNA and RNA under tension, can primarily be attributed to differences in , which is much smaller for DNA than for RNA under otherwise identical conditions ( Fig. 2f  inset) , supporting our previous hypothesis that the striking difference in the buckling dynamic between DNA and RNA is mostly driven by differences in the transition state. We note that supercoil nucleation does not merely depend on force, but on torque as well (the different points in Fig. 2f are not only at different forces, but also at different torques, since the buckling point ΔLk b shifts significantly with applied force). Therefore, is a value that quantifies the position of the energy barrier in a simplified 1D representation of the energy landscape. Its value does not directly reflect a physical position of the transition state, but should rather be interpreted as a characteristic length that describes the cooperativity of the transition. A full description of the transition requires considering the energy landscape along rotational (twisting, writhing, and linking) and extension (DNA end-to-end distance) degrees of freedom, see below.
To quantify the energy landscape of supercoil nucleation along the rotational degree of freedom, we first determined the distances to the transition state from the pre-buckling and post-buckling states ∆ !"# and ∆ !"#$ from fits of Eqn. 3 (Fig. 2d) . Both ∆ !"# and ∆ !"#$ change systematically with salt concentration, but remain approximately constant with increasing force ( Fig. 2e) and bead size ( Fig. S4 in [18] ). Notably, ∆ !"#$ and ∆ !"# add up to the measured value for ∆ ! , within experimental error ( Fig. S5 in [18] ), as would be expected, since they are measured along the same coordinate. The ratio ∆ !"# /∆ !"#$ is independent of force and ionic strength, within experimental error, and suggests the transition state along the writhing degree of freedom to be closer to the pre-buckling state than the post-buckling plectonemic state (|∆ !"# /∆ !"#$ | = 0.68 ± 0.05 and 0.65 ± 0.03 for 100 mM and 320 mM NaCl, respectively). Since the transition occurs at a constant ΔLk, the measured ratio of |∆ !"# /∆ !"#$ | implies that the transition state in the twisting degree of freedom is closer to the post-buckling state than the pre-buckling state.
Energy landscape reconstruction at buckling equilibrium. To obtain a full quantitative description of the buckling transition and to account for its mutual dependence on extension and rotation, we reconstructed the 2D free energy landscape ( , ). At a given ∆ , = − ! ⋅ [ ( )] with the probability density ( ) [30] . To account for the effect of the force probe, we deconvolved the extension histogram of the DNA tether with the setup response function ( ) [30] [31] [32] [33] . For the deconvolution procedure, we used the bead fluctuations of torsional unconstrained DNA molecules at the same force and buffer conditions as the instrument response function (see [18] ). The deconvolution sharpens the extension histogram ( Fig. 3a) , which is then converted to the corresponding 1D energy landscape to enable the analysis of the buckling transition along the extension coordinate. We compared the energy landscape obtained by deconvolution to the energy barrier reconstructed by a different approach, based on the splitting probability [34, 35] with no need for deconvolution [33] , and obtained very good agreement between the two methods (see Supporting Materials [18] and Supplementary Fig. S6 ). Finally, by assembling a series of 1D extension energy landscapes while systematically varying ∆ , we reconstruct the full 2D extension-linking number energy landscape (Fig. 4b) .
We analyze the reconstructed energy landscape focusing on the extension coordinate at ∆ ! , i.e. at the point where the forward and backward rates are equal [26] . At ∆ ! , the distances to the transition state along the extension coordinate from the pre-and post-buckling state minima, !"# and ∆ !"#$ , were found to be dissimilar, independent of force ( Fig. S7 in [18] ). The values suggest that the transition state along the extension coordinate is closer to the pre-than to the post-buckling state (Fig. 3d) . Notably, ∆ !"# and ∆ !"#$ add up to the total jump size as determined directly from extension distributions ( Fig. S8 in [18] ). At ∆ ! , the reconstructed energy landscape (Fig. 3b and Fig. S8b in [18] ) shows a broader energy minimum for the post-buckling state compared to the pre-buckling state, corresponding to a larger conformational space after buckling. The broader energy minimum after buckling corresponds to a smaller curvature ( Fig. S9 and S10 in [18] ) and, applying Kramers theory [31, 36, 37] , to a smaller attempt rate k 0 for barrier crossing at buckling equilibrium compared to the pre-buckling state. Since the forward and backward rates are identical at ∆ ! , the difference in k 0 is compensated by different barrier heights ∆ !"# ‡ and ∆ !"#$ ‡ (Fig. S9c,d and S7c,f in [18] ) measured from either side of the transition state. We conclude that the energy barrier, measured along the extension coordinate, is significantly asymmetric and steeper for buckling as for plectoneme removal.
The reconstructed energy landscape enable, in addition, the calculation of diffusion coefficients for barrier crossing, again from Kramer's theory (see e.g. Equation 10 from Ref. [31] ). We find diffusion coefficients D ≈ 10 −15 m 2 /s, whereby the diffusion constants for the pre-and post-buckling wells are essentially within error, but slightly force and salt dependent. Values of D ≈ 10 −15 m 2 /s are in the same order of magnitude as reported for protein relaxation times and refolding landscapes [38, 39] and smaller than DNA hairpin diffusion coefficients [31] . The estimated diffusion coefficient of 10 −15 m 2 /s implies significantly slower diffusion than what would be estimated for purely translational diffusion of DNA with length corresponding to the loop size, which is in the range of ~10 −11 -10 −12 m 2 /s [40] . Thus, diffusive barrier crossing is several orders of magnitude slower as compared to simple translational diffusion, which in turn implies substantial internal friction in the DNA as it evolves to the transition state.
The energy landscape reconstruction is not limited to the extension coordinate (Fig. 3) ; we can also quantitative describe the energy landscapes along the rotational degree of freedom (Fig. 4a) . Using the values for ∆ !"#$ and ∆ !"# ( Fig. 2e) to determine the relative position along the writhe coordinate and the free energy barrier heights from the energy landscape (Supplementary Figure S7c,f) , we obtain a free energy landscape along the ∆ coordinate at fixed ∆ ! that again reveals an asymmetrical distance to the transition state. The energy barrier flattens with a decrease in force (see also Supplementary Fig. S7 ) in line with previous observations for force dependent energy barriers [41] .
CONCLUSION
In summary, taking advantage of the ability of MT to control both the applied force and twist, we have reconstructed the full 2D energy landscape along the extension and twist degrees of freedom. Along the rotational degree of freedom the energy landscape is asymmetric, with ∆ !"# close to unity, and roughly 30% smaller as compared to ∆ !"#$ . Likewise, the energy landscape along the extension coordinate exhibits significant asymmetry, with the distance from the extended to the transition state ∆ !"# , approximately 15 % smaller than the distance from the buckled to the transition state ∆ !"#$ . Combining both results, we conclude that the transition state is a small, highly twisted, single loop.
We hypothesize that the strong bending and twisting deformations in the transition state for DNA buckling lead to a breakdown of isotropic elasticity and result in the formation of a kinked loop [42] . A breakdown of harmonic elasticity for DNA could explain the finding from the force dependence of τ buck that the buckling transition exhibits a three-to four-fold steeper energy barrier for DNA as compared to RNA (Fig. 2f) . Barrier steepness quantifies the cooperativity of molecular rearrangements to achieve the transition state geometry; since the (harmonic) elasticity properties of both nucleic acids are roughly the same, it is plausible that the transition involves the breakdown of DNA harmonic elasticity. This hypothesis is further supported by the observation that factors that destabilize double-stranded DNA, notably glycerol or low salt concentrations ( Fig. S11 and S12 in [18] ), increase the rate of buckling, consistent with a lower transition state energy barrier. Disruption of DNA base pairing upon negative supercoiling under stretching forces has been clearly established previously [43, 44] . Our hypothesis of kinking and local disruption of base pairing is in line with biochemical and structural experimental results [45] and with all-atom molecular dynamics simulations of small DNA circles [46] that indicate the formation of local kinks also upon positive supercoiling.
Our findings suggest that local defects [11, 47] , e.g. introduced by DNA damage or proteinbinding [48] , would enhance the rate of supercoil nucleation by transition state stabilization, and help positioning plectonemes. The rates of supercoil location hopping, previously determined using identical beads [13] , are similar to the rates of supercoil nucleation determined in this study, which strongly suggests that long-range communication along DNA is rate-limited by supercoil nucleation. In summary, the quantitative framework presented here will enable making testable predictions of DNA topology-mediated regulatory dynamics and provides a critical baseline for models of DNA dynamics in vivo. In addition, our work highlights the necessity to decouple the energy landscape of supercoil nucleation along both extension and rotational degrees of freedom, and demonstrates how high-speed magnetic tweezers experiments allow reconstruction of full 2D free energy landscapes, which opens up exciting possibilities to extend the more commonly used 1D free energy description of macromolecular transitions [49] into multiple dimensions [50] . 
